The proteasome is an ATP-dependent 2.5-megadalton machine responsible for ubiquitylated protein degradation in all eukaryotic cells. Here we present cryo-EM structures of the substrate-engaged human 26S proteasome in seven conformational states at 2.8-3.6 Å resolution, captured during polyubiquitylated protein degradation. These structures visualize a continuum of dynamic substrate-proteasome interactions from ubiquitin recognition to processive substrate translocation, during which ATP hydrolysis sequentially navigate through all six ATPase subunits. Three principle modes of coordinated ATP hydrolysis are observed, featuring hydrolytic events in two oppositely positioned ATPases, in two consecutive ATPases, and in one ATPase at a time. They regulate deubiquitylation, translocation initiation and processive unfolding of substrates, respectively. A collective power stroke in the ATPase motor is generated by synchronized ATP binding and ADP release in the substrate-engaging and disengaging ATPases, respectively. It is amplified largely in the substrate-disengaging ATPase, and propagated unidirectionally by coordinated ATP hydrolysis in the third consecutive ATPase.
interestingly it is released in state E C2 . However, the two states exhibit similar features in the Rpt ring and CP gate. In addition to three Rpt C-terminal HbYX motifs inserted in the α-pockets 36 , weak densities are observed for the Rpt6 C-terminal tail in the α2-α3 pocket in both states ( 15, 26 .
Quaternary rearrangement for substrate deubiquitylation
A prominent feature in state E B is the formation of a quaternary subcomplex involving substrateubiquitin-bound Rpn11, Rpn8 and Rpt5 N-loop ( Fig. 1d-f ). This quaternary subcomplex already starts to form in state E A2 , where the AAA-ATPase is not yet engaged with the substrate (Extended Data Fig. 4a-c) . The Rpn11-bound ubiquitin also contacts the Rpt4-Rpt5 N-terminal CC in E A2 and resides midway between its positions in states E A1 and E B (Fig. 1f) . The lid is rotated toward the same direction as that in state E B (Extended Data Fig. 4d ,e). The Rpt4-Rpt5
CC is, however, shifted up, allowing the gap between Rpn11 and Rpt4-Rpt5 CC to shrink. In state E A1 , this ubiquitin resides on the Rpt4-Rpt5 CC in the vicinity of Rpn11 but does not contact Rpn11 (Fig. 1f) . This supports our speculation that E A2 captures an intermediate state where a ubiquitin is being transferred from Rpt4-Rpt5 CC to Rpn11.
The Rpn11-ubiquitin interface is centered on a hydrophobic pocket around Trp111 and Phe133 of Rpn11, with the positioning of ubiquitin being identical to that observed in the crystal structure of the ubiquitin-bound Rpn11-Rpn8 complex 33 . The Insertion-1 loop of Rpn11 assumes a β-hairpin conformation, and pairs from both sides with the C-terminal strand of ubiquitin and a segment of the Rpt5 N-loop emanating from the OB ring, forming a four-stranded β-sheet (Fig. 1d ). This quaternary β-sheet directs the ubiquitin C-terminal toward the proteolytically active zinc-binding site in Rpn11 and places the isopeptide bond right next to the zinc ion, which has a strong density in our cryo-EM maps (Fig. 1e ). Compared to the crystal structure of ubiquitinbound Rpn11, the Insertion-1 β-hairpin is tilted outward in state E B and is better aligned with the zinc-binding site in the proteasome 33 . This finding suggests that the conserved Rpt5 N-loop stabilizes the Rpn11-ubiquitin quaternary contact and optimizes the orientation of the isopeptide bond for efficient deubiquitylation. By contrast, the Rpt5 N-loop is disordered in most other
states (E A1 , E C1,2 and E D1,2 ).
The Insertion-1 loop of Rpn11 alternates among three distinct configurations through all seven states (Extended Data Fig. 4c ). The Insertion-1 loop remains as a β-hairpin throughout states E A2 , E B and E C1 , whenever ubiquitin is bound. By contrast, it is a large open loop in state E A1 , and refolds into a smaller, tighter loop in states E C2 , E D1,2 , where ubiquitin is released. Taken together, the quaternary organization surrounding the zinc-binding site and the extended interactions between ubiquitin chains and the quaternary structure of Rpn10-Rpn11-Rpt4-Rpt5 appear to explain why the Rpn11 exhibits much higher deubiquitylation activity in the proteasome context than in its non-proteasome forms, such as in the Rpn8-Rpn11 dimeric form 37, 38 , the free lid subcomplex 39 and the free RP assembly 40 .
Substrate interactions with the holoenzyme
In the progression from states E B to E D1,2 , the substrate contact with Rpn11 is invariantly centered around a hydrophobic groove at Phe118 and Trp121 of Rpn11. In state E B , this binding site faces the Rpt3-Rpt4 OB interface and the substrate extends straight from this site to Val125 of Rpn11, beneath which the isopeptide bond linking the ubiquitin with the substrate is held. In states E D1,2 , with the CP gate open and the ubiquitin released, the substrate is free to thread through the AAA-ATPase channel. Inside the constriction of the OB ring, the substrate density is well centered in state E B , without direct contact with the interior surface of the ring. This approximate symmetry is broken in states E D1,2 , where the substrate closely approaches Phe118 of Rpt1 in the interior of the OB ring.
Within the central channel of the AAA ring, the substrate is gripped into a right-handed spiral staircase architecture in direct contact with the aromatic residues of pore-1 loops (Fig. 2c , Extended Data Fig. 5b-d) . The aromatic residues, either tyrosine or phenylalanine, intercalate with the zigzagging main chain through hydrophobic interactions. In addition, the main chains of the pore-1 loops potentially form hydrogen bonds with the main chain of substrate. The pore-1 loops are evenly distributed along the substrate, with two adjacent pore-1 loops spanning two consecutive amino acid residues in the substrate. This substrate-pore loop staircase architecture is nearly invariant from states E B to E D2 ( Fig. 2a-d ). The pore-1 loop staircase in E B is highly similar to that in E A , suggesting that E B is an initially substrate-engaged state before any translocation occurs, consistent with the observation of the isopeptide bond linking substrate with ubiquitin on Rpn11 in E B . The pore-1 loops of Rpt3, Rpt6, Rpt1 and Rpt5 reside at the highest position in contact with the substrate in states E B , E C , E D1 and E D2 , respectively. Notably, the pore-1 loop of Rpt3 moves from the highest position to the lowest position in the substratebound pore-loop staircase from E B to E D2 . Meanwhile, the pore-2 loops support the opposite side of the substrate through their charged acidic residues, forming another, somewhat shorter staircase beneath the pore-1 loop staircase. In states E B , E D1 and E D2 , the pore loops from Rpt6, Rpt5 and Rpt4 are disengaged from the substrate (Fig. 2c) . In contrast, the pore loops from both Rpt1 and Rpt2 are disengaged from the substrate in E C1,2 .
A continuum of nucleotide state transitions
The current resolution allows us to unambiguously distinguish ADP from ATP in the nucleotidebinding pockets of the ATPases in most cases (Fig. 2b ,e, Methods and Extended Data Figs.
3c,6). Except for E A , at least one ATPase subunit in each conformational state exhibits a very weak or partial density for a potential nucleotide in its nucleotide-binding pocket, which precludes de novo atomic modeling of nucleotide coordinates into the density of that subunit. We refer to the nucleotide state of these ATPases as an apo-like state. It is not possible to differentiate between ATP and ATP-γS at the present resolution, given a mixture of both ATP and ATP-γS in the protein buffer (see Methods). For simplicity, we will refer to nonhydrolyzed nucleotide as ATP.
Notably, the ADP-bound states navigate counterclockwise sequentially from Rpt6 to Rpt3 throughout all six ATPase subunits, indicating a full cycle of coordinated ATP hydrolysis throughout the AAA-ATPase ring from state E A to E D2 (Fig. 2b) . However, eight events of coordinated ATP hydrolysis are observed in total, because two ADPs were observed in two oppositely positioned ATPases in states E A and E B . In state E A , Rpt5 and Rpt6 are both loaded with ADP, whereas the other four ATPases are all loaded with ATP. Magnesium ion density is evident next to ATP but not ADP in the E A density map (Extended Data Fig. 3c ). In state E B ,
Rpt6 assumes the apo-like state, whereas Rpt2 and Rpt4, the nearest counterclockwise neighbors to the two ADP-bound subunits in E A , are bound with ADP (Fig. 2b, Extended Data Fig. 6 ). The AAA domain of Rpt6 is displaced away from the rest of the AAA ring, forming prominent gaps at the Rpt2-Rpt6 and Rpt6-Rpt3 interfaces (Fig. 3a) .
The nucleotide states or the geometry of the nucleotide-binding pockets of the ATPases are strongly correlated with their substrate-pore loop interactions (Fig. 2e) . The apo-like state is always observed in the ATPases whose pore loops are disengaged from the substrate. Thus, all apo-like subunits form prominent gaps at the interfaces with their nearest neighbors on both sides, resembling the case of Rpt6 in state E B (Figs. 2b,3a,c). The nucleotide-binding pockets of the apo-like subunits consistently exhibit prominent openness, with the arginine fingers from the clockwise adjacent subunit displaced more than 10 Å away from the Walker A motif (Fig. 3c ).
The ATPase whose pore-1 loop resides at the lowest position in direct contact with the substrate is always bound with ADP. Thus, the counterclockwise nearest neighbor of the apo-like subunit is found to be ADP-bound in all cases (Fig. 2b,3c) . Similarly, the nucleotide-binding pocket is always tightly closed, with the arginine fingers residing within 3-5 Å away from either γ-phosphate or β-phosphate, whenever the ATPases engaged with the substrate have their pore-1 loops located in the middle or top registry in the substrate-pore loop staircase. Except states E A and E B , ATP is invariantly found to bind the substrate-engaged ATPases at the middle or top positions in the pore-loop staircase.
ATP-dependent regulation of substrate engagement
Structural comparison between states E A and E B sheds lights on the question of how ATP hydrolysis in AAA-ATPases regulates the substrate engagement for deubiquitylation (Fig. 3) . In state E A , the AAA channel is too narrow to engage the substrate, suggesting that it is in a closed
state. To open the channel for the substrate engagement, the AAA-ATPase ring must rearrange its quaternary organization. Indeed, the AAA domain of Rpt6 undergoes dramatic structural changes from E A to E B . An out-of-plane rotation of about 40° is observed in the large AAA subdomain of Rpt6, whereas the AAA domains of other ATPases mostly move as a rigid body with subtle changes restricted to the pore loops (Fig. 3a, b) . In state E A , the pore-2 loop of Rpt6 is largely disordered; by contrast, the pore-2 loop refolds into a fairly ordered structure in E B , spanning residues 251-256 (Fig. 3b) . Consistent with this observation, the ADP bound to Rpt6 in state E A is released in E B . Thus, ATP hydrolysis and ADP release in Rpt6 are programed to trigger an iris-like movement in the AAA ring that opens the central channel (Fig. 3c, d ). The coordinated ATP hydrolysis in Rpt5 directly opposite from Rpt6 in state E A , and in Rpt4 opposite from Rpt2 in state E B , is expected to increase the conformational flexibility of the AAA ring required to open the AAA channel for accommodating the substrate engagement (Fig. 3d) .
The position of Rpt6 in the AAA ring, which is disengaged from the pore-loop staircase in both states E A and E B , endows it with certain energetic advantage in triggering the AAA channel opening with little perturbation to the pore loop staircase that is poised for accepting an unfolded terminus of the substrate without changing the overall architecture.
Initiation of substrate translocation
From state E A to E D2 , the Rpt1-Rpt2 dimer and Rpt5 undergo a complete cycle of ATP hydrolysis and nucleotide exchange that regulates substrate translocation (Figs. 4a,5a ). To allow a forward sliding process, at least one Rpt subunit in direct contact with the substrate at the lowest position must disengage from the substrate-pore loop staircase. Indeed, during the E B -to-E C1 transition, the pore loops of Rpt1-Rpt2 are disengaged from the substrate, partly facilitated by coordinated ATP hydrolysis in Rpt1 and Rpt5 as well as ADP release in Rpt2 (Fig. 4a, b ). This is because ATP hydrolysis in Rpt5 would abolish the interaction of γ-phosphate with the trans-acting arginine finger from Rpt1, thus destabilizing the Rpt1-Rpt5 association. A large outof-plane rotation of about 40° in the Rpt1-Rpt2 dimer moves the corresponding pore loops to almost the highest altitude but 13-18 Å away from the substrate (Figs. 2c,4a,b) . Concomitantly, ATP binding to Rpt6 promotes the engagement of Rpt6 pore-1 loop with the substrate, resulting in one-step forward translocation of the substrate by a distance of two residues. The ADP release in Rpt1 during the E C1 -to-E C2 transition does not trigger obvious conformational changes.
However, during the E C2 -to-E D1 transition, ATP binding to both Rpt1 and Rpt2, which drives their substrate re-engagement at the top of the substrate-pore loop staircase, gives rise to a small out-of-plane rotation of 5° in Rpt1-Rpt2, resulting in two-step forward translocation of the substrate (Fig. 4a,d,e) . Similarly, the ATP-regulated substrate re-engagement of Rpt5 during the E D1 -to-E D2 transition gives rise to substrate translocation by another step forward (Fig. 5) .
Notably, the C-terminal tail of Rpt6 is inserted into the α2-α3 pockets in E C1,2 but not in E B (Fig. 1g, Extended Data Fig. 4g ). Curiously, the C-terminal tail of Rpt1, which is inserted in the α4-α5 pocket in E B , is instead unplugged from the α-pocket in E C1,2 . Thus, the unplugging of Rpt1 C-tail from and the insertion of Rpt6 C-tail into the α-pockets appear to be synchronized with the disengagement of Rpt1 and engagement of Rpt6 with the substrate during the E B -to-E C1,2 transition, respectively.
Although the structure of AAA ring is nearly identical between states E C1 and E C2 , multiple events are associated with the E C1 -to-E C2 transition, including ADP release in Rpt1, ubiquitin dissociation from Rpn11, repositioning of the ATPase ring above the CP, and conformational changes in the lid ( Table 2 ). Thus, states E C1,2 reflect the coordination between the initiation of substrate translocation and other regulatory events preparing the proteasome for processive substrate degradation.
Power stroke
To understand the origin of the power stroke generated during nucleotide cycling that drives substrate translocation, we conducted a systematic structural comparison on the AAA domains of the ATPases. Structural alignment of the AAA domain of the same ATPase in different states against their large AAA subdomains defines a generic hinge-like rotation between the small and large AAA subdomains upon nucleotide binding (Figs. 3b,4b ,5b). Rpt5 exhibits the greatest intrinsic hinge-like rotation of 25° between the small and large AAA subdomains during its engagement or disengagement with the substrate (Fig. 5a,b (Fig. 5c) . Inspection of the AAA ring alignment in different viewing angle suggests that the local out-of-plane movement is more prominent in Rpt4 and Rpt3 than in Rpt1 and Rpt2, indicating that the intrinsic motion in Rpt5 is amplified to a greater degree along the counterclockwise direction than the opposite (Fig. 5c ). By contrast, only 8° out-of-plane rotation is observed during the substrate-engagement step (Fig. 5d ).
The similar kind of unidirectional motion amplification is observed when the AAA subdomain of Rpt1, Rpt2, Rpt4 or Rpt6 is used for the AAA ring structure comparison (Fig. 4c,d ). Thus, the collective power stroke in the AAA ring is largely amplified in the ATPase that is disengaging from the substrate from the bottom of the pore-loop staircase. 
Long-range quaternary allosteric regulation
The proteasomal ATPase heterohexameric motor is asymmetrically regulated by Rpn1 and the lid subunits (Rpn5-7, 9). In both states E D1 and E D2 , the Rpn1 toroidal domain forms a surface cavity with the CC domain of Rpt1-Rpt2, where a short helix from Rpn2 is inserted ( The Rpt4/5 CC domains also seem to act at a distance to help coordinate substrate translocation in a long-range fashion. In states E C1,2 and E D1,2 , the N-terminal segment of Rpt4/5 CC domain interacts with the either Rpn9 or Rpn10 in different contacts (Extended Data Fig. 7d,e). By contrast, it does not contact any Rpn subunit in state E A and E B , but instead, helps to recruit ubiquitin. Taken together, our data suggest that the lid regulates substrate interactions with the AAA-ATPase through a combination of short-range and long-range allosteric regulations.
Insights into the complete cycle of substrate processing by 26S proteasome
Our data suggest that the ATP hydrolysis in the proteasome holoenzyme follows three distinct modes at different stages of substrate processing (Fig. 6 ). The first mode features ATP hydrolysis in a pair of oppositely positioned ATPases at a time. We speculate that this is orchestrated to promote initial substrate recognition and deubiquitylation, as evident in states E A and E B (Fig.   3d ). This is reminiscent of the nucleotide-binding pattern observed in state S D2 of the substrate-free human proteasome and the caseinolytic protease X (ClpX) hexamer, an AAA-ATPase unfoldase in E. coli 26, 43 . The second mode features two events of ATP hydrolysis in two consecutive ATPases at a time without advancing the substrate and is used to initiate the substrate translocation and to simultaneously regulate the CP gate opening (Fig. 4e) . The third mode is greatly simplified as opposed to the other two modes and culminates with sequential hydrolysis of one nucleotide at a time ( Fig. 5f ). This is likely most efficient for maintaining processive substrate translocation, when the ubiquitin chain is removed, and the CP gate is open.
In both the second and third modes, the synchronized ATP binding and ADP release in at least two consecutive ATPases can stimulate the power stroke of the AAA-ATPase ring that is largely amplified in the substrate-disengaging subunit and is propagated through the coordinated ATP hydrolysis in the counterclockwise adjacent ATPase. The third mode is reminiscent of the proposed ATP hydrolysis mechanism in several other hexameric ATPase motors [44] [45] [46] [47] .
Our data reveal the structural basis for the functional asymmetry of the six distinct ATPases [48] [49] [50] . Each ATPase is specialized for certain role in regulating substrate interactions that is complementary to the roles of the other ATPases. The broken symmetry accommodates the introduction of a distributed, quaternary allosteric regulation by the lid subcomplex, which sets "parity" on each ATPase essential for coordination between key steps, including substrate recognition, deubiquitylation, CP gating and processive translocation. Indeed, Rpt6 stands out to be uniquely essential to both the E A -to-E B transition for substrate deubiquitylation and the E C -to-E D transition for CP gate opening. The probability of assuming state E D2 is the highest among other translocation-compatible states. Rpt5 and Rpt1, whose AAA domain harbors no contacts with either the lid or Rpn1 are the ones at the highest position contacting substrate in state E D2 .
By contrast, the AAA domains of other four Rpt subunits all directly contact the lid subunits or Rpn1, which is also regulated by the lid through the long-range Rpn1-Rpn2 association.
In summary, we have determined the atomic structures of substrate-engaged human 26S To ubiquitinate the Sic1 PY , 40
(Boston Biochem), 100 μ g/ml WWHECT and 1 mg/mL ubiquitin (Boston Biochem) was incubated in the reaction buffer (50 mM Tris-HCl, pH 7.5, 100 mM NaCl, and 10% glycerol, 2 mM ATP, 10 mM MgCl2, and 1 mM DTT) for 3h at room temperature. Pre-equilibrated TALON resin was then incubated with the reaction system for 1 h at 4°C. After the resin was washed by 20-column volume of the wash buffer (50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 10% glycerol), the polyubiquitinated Sic1 PY (PUb-Sic1 PY ) was eluted with the same buffer containing 150 mM imidazole. The elution was applied to Amicon ultra centrifugal filter with 30K molecular cut-off for removal of imidazole. The ubiquitination reaction was examined by
Western blotting with anti-T7 antibody.
Purification of the human 26S proteasome. Human proteasomes were affinity-purified on a large scale from a stable HEK293 cell line harboring HTBH (hexahistidine, TEV cleavage site, biotin, and hexahistidine) tagged hRPN11 (a gift from L. Huang, Departments of Physiology and
Biophysics and of Developmental and Cell Biology, University of California, Irvine, California 92697) 51 . The cells were Dounce-homogenized in a lysis buffer (50 mM PBS, pH 7.5, 10%
glycerol, 5 mM MgCl 2 , 0.5% NP-40, 5 mM ATP and 1 mM DTT) containing protease inhibitors.
Lysates were cleared by centrifugation (20,000 × g, 30 min), then incubated with NeutrAvidin agarose resin (Thermo Scientific) for 3 h at 4 °C. The beads were then washed with excess lysis buffer followed by the wash buffer (50mM Tris-HCl, pH 7.5, 1mM MgCl 2 and 1mM ATP). 26S
proteasomes were cleaved from the beads by TEV protease (Invitrogen). The resin was removed by centrifugation and the supernatant was then further purified by gel filtration on a Superose 6 10/300 GL column at a flow rate of 0.15 ml/minute in buffer (30mM Hepes pH 7.5, 60 mM NaCl, 1 mM MgCl 2 , 10% glycerol, 0.5 mM DTT, 0.6 mM ATP). Gel-filtration fractions were concentrated to about 2 mg/ml and the buffer was exchanged to 50 mM Tris-HCl, pH 7.5, 100
mM NaCl, 1 mM ATP and 10% glycerol.
Biochemical verification of the substrate-bound human proteasome. To verify the preparation of the PUb-Sic1 PY , we performed degradation tests on the PUb-Sic1 PY using our purified human 26S proteasome. 100 nM proteasome was incubated with 20 μ g/mL PUb-Sic1 PY for 10 min at 37°C in a buffer containing 50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 10%
glycerol, 5 mM ATP. The reaction was stopped by adding SDS loading buffer and 100 mM DTT. Samples were collected with the time points at 2 min, 5 min, and 10 min. Then the degradation reaction was examined by Western blotting with the anti-T7 antibody.
To verify the formation of proteasome-substrate complex in our cryo-EM imaging experiments, we crosslinked the proteasome-substrate complex and examined them with native gel electrophoresis. However, the crosslinking was not used for the sample preparation for cryo-EM data collection in order to preserve the native states of substrate interactions with the proteasome. Before crosslinking, the proteasome and PUb-Sic1 PY samples were first exchanged to a buffer containing 50 mM PBS, pH 7.5, 100 mM NaCl, 10% glycerol, 1 mM ATP by Zeba™ particles of 26S proteasome were picked using program deepEM 53 . Reference-free 2D
classification and 3D classification were carried out in both RELION 2.1 54 and ROME, which combined the maximum-likelihood based image alignment and statistical machine-learning based classification 55 . Focused 3D classification, which we used in the later stage of data processing, and high-resolution refinement, were mainly done with RELION 2.1. Map reconstruction and local resolution calculation were finished with programs in both RELION 2.1 and ROME.
We applied a hierarchical 3D classification strategy to analyze such a huge dataset (Extended Data Fig. 2 ). The entire data-processing procedures include four steps. In the first step, we separated doubly capped proteasome particles from those singly capped ones, so as to generate pseudo-single-capped particles. All particles underwent several rounds of 2D and 3D
classification batch by batch, resulting in 1,552,828 doubly capped particles and 478,919 singly capped ones. These particles were aligned to the consensus models of doubly and singly capped proteasomes to get their approximate shift and angular parameters. With these parameters, each complete double-capped particle was split into two pseudo-single-cap particles by re-centering the box onto the RP-CP subcomplex. Then the box size of pseudo-single-capped particles and true single-capped particles was shrunk to 600×600. This is an effective way to reduce the irrelevant heterogeneity due to conformational variations, and improve the map resolution 24, 26 .
There were totally 3,584,040 particles remained in the dataset for the following steps. In the second step, we focused on the gate of the CP. Likewise, several rounds of 2D and 3D Since the CP is structurally stable, we did refinement with the CP masked, so that we can get the x-y shift and angular parameters of all particles when they were aligned against the reference of the CP. Using these parameters, we continued 3D classification with the RP masked and with alignment skipped. That means we only classify the images based on their structural changes in the RP relative to the CP. After the classification, we can clearly see the RP dramatically swings and rotates against the CP. By focused on the variation of the substrate interactions with the AAA-ATPase and Rpn10/11, we classified these particles into 5 major states, designated E A , E B , E C , E D1 , E D2 , respectively, accounting for 7.8%, 14.8%, 9.9%, 27.2%, 40.1%. In the final step, we used focused classification to further detect significant structural changes within each of these five states.
After auto-refinement with RP masked, we continued skip-alignment classification with the lid, the AAA-ATPase, or certain combination of RP subunits masked.
Application of differential masks depended on specific structural characteristics of different states. For example, Rpn1 in state E B state was partially blurred without further 3D classification.
So we masked Rpn1 together with ATPase in 3D classification, which resulted in improvement of its density quality in certain 3D classes. The whole RP complex is highly dynamical in state E C . Thus, we did further classification with the whole RP masked, resulting in two distinct states, named E C1 and E C2 . E C1 showed a clear ubiquitin density, which is absent in E C2 . Similarly, we also obtained an intermediate state from initial E B dataset, named E A2 , which showed different ubiquitin-binding mode from that in E A .
The final refinement of each state was done on the particle data in the counting mode with a pixel size of 1.37 Å. Based on the in-plane shift and Euler angle of each particle from the last iteration of refinement, we reconstructed the two half-maps of each state using raw singleparticle images at the super-counting mode with a pixel size of 0.685 Å. The final reconstructions of the E A1 , E A2 , E B , E C1 , E C2 , E D1 , and E D2 datasets gave overall resolutions of 3.0 Å, 3.2 Å, 3.3 Å, 3.5 Å, 3.6 Å, 3.3 Å and 3.2 Å, respectively, measured by the gold-standard FSC at 0.143-cutoff on two separately refined half maps. Because states E A1 and E A2 exhibit identical structures in their CP and AAA-ATPase components, we combined them together and refined the combined dataset by applying the CP/ATPase mask, which yielded reconstructions measured to 2.8 Å resolution by the gold-standard FSC. To enhance the local density quality for each state, we applied two types of local mask in the last several iterations of refinement, one focusing on the complete RP and the other focusing on the CP and ATPase components, which yielded two maps for each state that showed improved local resolution in the lid and in the CP, respectively.
Prior to visualization, all density maps were sharpened by applying a negative B-factor. Local resolution variations were further estimated using ResMap on the two half maps refined independently 56 .
Atomic model building and refinement. The higher-resolution cryo-EM maps allowed us to refine atomic models with improved quality and to extend sequence registry beyond the published structures of the substrate-free proteasomes through de novo modeling (Extended Data Table 1 ). Because we did not stall the substrates in a homogeneous location during their degradation, the substrate densities were modelled using polypeptide chains without assignment of amino acid sequence to appreciate the nonspecific nature of substrate translocation in the 26S proteasome, except for the lysine residue forming a visible isopeptide bond with the ubiquitin in state E B .
To build the initial atomic model of the substrate-bound 26S proteasome complex, we used previously published human 26S structures as starting models and rebuilt each atomic model in Coot 67 for the seven conformational states. In states E D1,2 , a number of residues at the N-terminal of Rpt1 and Rpt2 coiled coil domain were missing but was shown as reliable densities with flanking of large-side chains. These high-resolution features allowed us to conduct de novo tracing of these previously missing elements. In all previously published cryo-EM structures of human 26S proteasomes, the local resolution of the lid subcomplex was generally worse than 4.9 Å and was insufficient to ensure the correct registry of the side chains. Our density maps of all states, particularly E B and E D1,2 , exhibit significantly improved local resolution in the lid subcomplex (Extended Data Table 1 and Extended Data Fig. 3 ), allowing us to rebuild the majority of the lid subcomplex. The local resolution of Rpn1 in states E B and E D1,2 also reached 4-5 Å, allowing us to improve the backbone model and make partial side-chain registry. Rpn1
have very poorer local resolutions in states E C1,2 and excluded atomic modelling at all. Thus, we used the improved atomic model of Rpn1 from states E B and E D1,2 to fit the poor Rpn1 densities of E C1,2 only as a rigid-body.
The nucleotide densities are overall good for differentiating ADP from ATP, which allowed us to build the atomic models of ADP and ATP into their densities. A resolution of no worse than 3.6 Å may be required to distinguish ADP from ATP in nucleotide assignment into the density, because ATP adds an extra size of 2.46 Å with its γ-phosphate and three additional oxygens atoms relative to ADP. The magnesium ion bound to ATP was well resolved in state E A (Extended Data Fig. 3c ). By contrast, no magnesium ion density was observed around the ADPassigned nucleotide density. Thus, the magnesium density was used to verify our ATP and ADP Chimera. Interaction analysis between adjacent subunits was performed using PISA 60 .
Data availability. The final cryo-EM maps and corresponding atomic models are in the process of being deposited into EM Data Bank and Protein Data Bank. They will be provided before formal publication of this manuscript. samples were applied to SDS gel. Then the gel was examined by western-blot with anti-T7
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antibody. The result suggests that almost all Sic1 PY has been ubiquitinated. (f) Native PAGE analysis of the crosslink between the proteasome and the substrate. As a control, 26S without substrate was also applied to the same crosslinking assay. With the addition of the PUb-Sic1 PY , the proteasome was observed to run slower than those without PUb-Sic1 PY . This result verifies that the substrate has been captured by the proteasome but not totally degraded yet at the time point when they were prepared for cryo-EM experiments. However, the crosslinking assay, designed only to verify the substrate-bound state of the proteasome, was not used in our cryo-EM sample preparation for data collection (see Methods). 
